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Abstract
The antioxidant, anti-inflammatory, and anticancer activities of Withania somnifera (WS) are known for a long time. This 
study was aimed to examine whether WS also diminishes 4-hydroxy-trans-2-nonenal (HNE)-induced neurotoxicity in human 
neuroblastoma (SH-SY5Y) cell line. The cytotoxic response of HNE (0.1–50 μM) and WS (6.25–200 μg/ml) was measured 
by MTT assay after exposing SH-SY5Y cells for 24 h. Then neuroprotective potential was assessed by exposing the cells 
to biologically safe concentrations of WS (12.5, 25, and 50 μg/ml) then HNE (50 μM). Results showed a concentration-
dependent protective effect of WS at 12.5, 25, and 50 μg/ml against HNE (50 μM) induced cytotoxicity and cell inhibition. 
Pre-exposure to WS resulted in a strong inhibition of 24, 55 and 83% in malondialdehyde (MDA) level; 5, 27 and 60% in 
glutathione (GSH) level; 12, 36 and 68% in catalase activity; 11, 33 and 67% in LDH leakage; and 40, 80 and 120% in cellular 
LDH activity at 12.5, 25, and 50 μg/ml, respectively, induced by 50 μM HNE in SH-SY5Y cells. The HNE-mediated cellular 
changes (cell shrinkage, rounded bodies, and inhibition of outgrowth) and increased caspase-3 activity were also prevented 
by WS. The HNE-induced upregulation of proapoptotic markers (p53, caspase-3, and -9, and Bax) and downregulation of 
antiapoptotic marker Bcl-2 genes were also blocked by pretreatment with WS. Altogether, our findings indicate that WS 
possesses a protective potential against HNE-induced neurotoxicity.
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Introduction

Among the harmful by-products of lipid peroxidation (LP), 
4-hydroxy-trans-2-nonenal (HNE) is a potentially danger-
ous product [1]. It remains stable in the lipid bilayer and 
subsequently diffuses through the membrane into the cyto-
sol [2]. Studies have confirmed that aldehydes generated 

endogenously through the process of LP are informally 
involved in the etiology of numerous neurodegenerative 
ailments [3, 4]. HNE, a long-chain alpha, beta unsaturated 
aldehyde, is generated mainly by the oxidation of ω-6 pol-
yunsaturated fatty acids [5]. Research showed that HNE 
causes cytotoxicity and oxidative stress-mediated cell death 
in many cell types, including SH-SY5Y cells [6–10]. It has 
been reported that HNE is highly reactive and stable [11, 
12] and induces apoptosis in a variety of cells from differ-
ent origins [13, 14]. We have also previously demonstrated 
that HNE induced cell death through oxidative damage and 
ROS generation in PC-12 cells [15–17]. Numerous other 
reports have also shown that HNE plays a precise role in 
signaling pathways, mitochondrial cytochrome c release, 
and caspase-9/3 activity [18, 19]. HNE is associated with 
progression of mitochondrial-dependent apoptosis and Bcl-2 
family with various genes and their proteins [20]. Its neu-
rotoxic property was verified based on the presence of high 
concentrations of HNE in nervous tissues and ventricular 
fluids of patients with Alzheimer’s disease (AD), associated 
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with augmented neuronal apoptosis [21, 22]. Elevated lev-
els of HNE and it adducts have been found in the neurons 
of patients with Parkinson’s disease (PD) [23], and also in 
Lewy bodies of these patients [24]. Numerous antioxidants 
are known to be capable of altering the intracellular level of 
HNE and preventing the progress of PD and AD [25]. Since, 
ancient time, several herbal remedies such as Ginkgo biloba, 
Curcuma longa, Withania somnifera, Bacopa monnieri, Sal-
via officinalis and Panax ginseng [26] used in conventional 
system have been reported to possess diverse activities in 
neuroprotection, memory enhancement, and antiaging. The 
extracts of the plant Morus alba Linn have been reported 
to possess neuroprotective potential against β-amyloid 
induced neurotoxicity [27]. Studies have also documented 
the neuroprotective potential of several other plants against 
toxic insult, such as Ocimum sanctum against H2O2-induced 
SH-SY5Y cell death [28], Ginkgo biloba (Ginkgoaceae) 
against MPTP-damaged nigrostriatal neurons in mice 
[29], Cistanche deserticola against 6-hydroxydopamine 
(6-OHDA)-instigated injury in rat neurotransmitters [30], 
and Valeriana officinalis against rotenone-induced apoptosis 
in human neuroblastoma SH-SY5Y cells [31]. Moreover, 
the neuroprotective effects of drugs derived from natu-
ral products e.g., resveratrol found in red grapes [16, 32], 
baicalein found in Scutellaria baicalensis (Labiatae), and 
curcuminoids found in C. longa, have been screened under 
both in vitro and in vivo conditions [33, 34]. These reports 
showed that natural extracts derived from herbal plants 
possess biologically active components of pharmacologi-
cal importance and exhibit neuroprotective potential against 
various toxicants. W. somnifera (WS), a potent medicinal 
plant popularly recognized as Ashwagandha, has been used 
since ancient times in the traditional health care system [35]. 
Studies have reported the antioxidant [36], anticancer [37], 
anti-inflammatory [38], antistress [39], adaptogenic [40], 
antiarthritis [41] and immunomodulatory [42] activities of 
WS and its components. Whole or different parts of WS 
plant extracts have also been used for their beneficial effects 
on the nervous system [43]. Clinical and preclinical stud-
ies have supported the therapeutic potential of WS against 
cognitive and memory-related disorders [44]. Clinically WS 
has been confirmed to be an antidepressant and anti-anxiety 
agent [45]. It has been reported to be effective in patients 
diagnosed with PD [46]. The anxiolytic efficacy of ethanolic 
extract of WS has also been reported [47]. Our literature sur-
vey disclosed that toxicological studies of clinical research 
on WS have demonstrated that the plant is nontoxic at an 
extensive variety of applied doses [48–50]. Another study 
showed that WS reduced serum cortisol levels without caus-
ing any major side effects in humans [51]. However, the 
protective potential of WS against HNE-induced cell death 
has not yet been explored. Therefore, the present investiga-
tion was conducted to evaluate the neuroprotective effect of 

WS against HNE-induced neurotoxicity in SH-SY5Y cells, 
a human neuroblastoma cell line. This cell line has been 
demonstrated to be a very useful model system for studying 
neuronal differentiation and function and has been developed 
into a neuronal-like phenotype upon differentiation [52]. 
Similarly, the SH-SY5Y cell line is commonly used and 
represents a suitable experimental model system for inves-
tigating the molecular and cellular mechanisms-involved in 
studies on neurotoxicology and neuropharmacology [53]. In 
neuroscience research, the SH-SY5Y cell line has also been 
extensively used as an in vitro model system [54].

Material and Methods

Chemicals

All chemicals, reagents, solvents, toxicants, and cell cul-
ture medium of analytical grade were procured from Sigma, 
USA. Fetal bovine serum, antibiotic/antimycotic and trypsin 
were purchased from Gibco-Invitrogen.

Extraction of Plant

The medicinal plant, WS was collected from the local mar-
ket, Lucknow, India. The aerial part was rinsed with distilled 
H2O and air-dried under shade. The extraction was done by 
maceration. The dried powder was soaked in methanol, and 
the solution was filtered. The solvent was then concentrated 
in a rotary evaporator, and obtained WS extract was stored 
at 4 ºC until further dilution and bioassays.

Cell Culture

The human neuroblastoma cell line (SH-SY5Y) was grown 
in DMEM-F12 with 10% FBS, 0.2% sodium bicarbonate 
and 1% antibiotic/antimycotic solution. Confluent cells were 
trypsinized and cultured in plates and flasks as required for 
the experiments. Cells were cultured in a CO2 incubator (37 
ºC, 5% CO2, 95% related humidity).

Cell Exposure to HNE and WS

SH-SY5Y cells were exposed to HNE (0.1, 1, 5, 10, 25, 
and 50 μM) and WS (6.25, 12.5, 25, 50, 100, and 200 μg/
ml). The cytotoxicity was measured after 24 h exposure. 
For assessing cytoprotection, the cells were pre-exposed to 
medium containing WS (12.5, 25 and 50 μg/ml) for 24 h and 
then to HNE (50 μM) for 24 h.
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MTT Assay

The MTT assay was done following the technique [17] to 
assess HNE- and WS-induced cytotoxicity. Approximately 
104 SH-SY5Y cells were plated in a flat bottom 96-well 
culture plate and kept in the incubator. On the next day, 
the cells were treated with HNE and/or WS for 24 h, after 
which 10 μl of MTT was added to the wells and incubated 
for an additional 4 h. Formazan crystals formed were dis-
solved in 200 μl DMSO, and the plate was read at 530 nm. 
The experiments were performed in triplicate.

Neutral Red Uptake (NRU) Assay

This assay was achieved using the technique of Siddiqui 
et al. [17]. After the exposure, SH-SY5Y cells were incu-
bated with 50 μg/ml of NR dye for 3 h in an incubator. 
Then, the dye was extracted and the wells were washed 
with a washing solution (1% CaCl2 and 0.5% formalde-
hyde). Next, 200 μl of dye release solution (1% acetic acid 
and 50% ethanol) was added to each well and the plate 
was read at 550 nm. The experiments were performed in 
triplicate.

Trypan Blue (TB) Exclusion Assay

The TB exclusion assay was performed to assess the propor-
tion of cell viability by estimating the membrane integrity 
of SH-SY5Y cells following the method of Pant et al. [55]. 
Briefly, after respective treatments, the cells were harvested, 
washed, and centrifuged. Then, the cells were stained with 
TB (0.4%) in a ratio of 1:5 of dye:cell suspension. Live and 
dead cells were counted using a hemocytometer. The experi-
ments were performed in triplicate.

Lactate Dehydrogenase (LDH) Assay

LDH assay was performed using the LDH assay kit (Bio 
Vision) as per the instruction provided by manufacturer. This 
assay measures the level of lactate dehydrogenase released 
from damaged cells. The experiments were performed in 
triplicate.

Malondialdehyde (MDA) Level

MDA, the breakdown product of oxidation degradation of 
lipid cell membrane, is an indicator of lipid peroxidation. 
Following the procedure of Buege and Aust [56], the LP 
was estimated by determining the concentration of MDA in 
cells exposed to HNE and/or WS. The MDA concentration 

was calculated by measuring the developed color of TBARS 
at 532 nm. The experiments were performed in triplicate.

Glutathione (GSH) Content

The GSH content was estimated by determining the 
decrease of 5,5-dithiobis-2-nitrobenzoate (DTNB) to the 
yellow colored compound 2-nitro-5-thiobenzoate following 
the method [57]. The concentration of the yellow-colored 
formed was read at 412 nm that reflects the quantity of -SH 
groups. The experiments were performed in triplicate.

Catalase

Catalase activity was measured following the method of 
Sinha [58]. For this measurement, 50 μg of treated and 
untreated cell protein (50 μl volume) was added to 100 mM 
of phosphate buffer (pH = 7.4; 1 ml) containing 200 mM 
H2O2 (0.5 ml) and distilled water (450 μl). The mixture was 
incubated at 37 °C for 2 min, and the reaction was stopped 
by adding 5% potassium dichromate/acetic acid solution (in 
1:3 ratio). The absorbance was read at 570 nm. The experi-
ments were performed in triplicate.

Protein Estimation

The total protein content was estimated by bicinchoninic 
acid (BSA) protein assay kit (Lamba Biotech, USA) using 
bovine serum as a standard.

Morphological Observation

To observe the morphological changes induced by HNE and/
or WS, SH-SY5Y cells were pre-exposed to WS at 12.5, 25, 
and 50 μg/ml for 24 h, and then to 50 μM HNE for 24 h. The 
changes occurring in the cells were observed under a phase-
contrast inverted microscope at 20 ×.

Caspase‑3 Activity

The caspase activity was determined using a commercially 
available kit (Caspase 3 activity kit, Sigma) as per the 
instruction provided by manufacturer. In brief, after expo-
sure to HNE and/or WS, the cells were lysed in lysis buffer. 
The cell extract (50 μg/ml) was incubated for 4 h at 37 °C 
with DEVD-pNA, a pseudosubstrate used to measure the 
caspase-3 activity. The free yellow colored pNA released 
from DEVpNA after cleavage by DEVDase exhibited the 
quantity of caspase activity. The experiments were per-
formed in triplicate.
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ROS Generation

Quantitively and qualitatively ROS production was meas-
ured using the 2′ ,7′ -dichlorodihydrofluorescein diacetate 
(DCF-DA) fluorescent probe [59]. Dichlorofluorescein was 
used as the substrate, as it was converted into dichlorofluo-
rescein that was measured. In brief, treated and untreated 
SH-SY5Y cells were incubated with 20 μM DCF-DA in 
the dark at 37 °C for 60 min. The relative changes in ROS 
production were evaluated using a fluorescence microplate 
reader at 485/530 nm excitation/emission, respectively. The 
experiments were performed in triplicate. The intracellular 
fluorescence of DCF was also observed under the fluores-
cence microscope.

Real‑time PCR Analysis of Apoptotic Marker Genes

For analyzing the expression of apoptotic marker genes, 
1 × 106 SHSY5Y cells were cultured in six-well plates. 
Subsequently, the cells were treated with HNE and/or WS 
for 24 h, after which total RNA was extracted using Trizol 
reagent (Invitrogen). The integrity and yield of RNA sam-
ples were confirmed by gel electrophoresis and spectropho-
tometry. An equal amount of RNA was used to synthesize 
cDNA using the reverse transcription kit (Applied Biosys-
tems, USA). Then, RT-PCRq was performed using the Light-
Cycler® 480 instrument. The primer sequences used for the 
analysis of marker genes have been reported previously [60]. 
The experiments were performed in triplicate.

Statistical Analysis

All results are presented as the mean ± SD of three separate 
experiments performed in triplicate. Data were analyzed 
using one-way ANOVA, and post-hoc Dunnett’s test was 
performed for statistical analyses. Values were considered 
to be statistically significant at p < 0.05.

Results

WS Protects Against HNE‑Induced Cytotoxicity

Figure 1a shows the HNE-induced dose-dependent cytotoxic 
effects in SH-SY5Y cells. The cell viability was 49% at 50 
μM concentration (p < 0.01) of HNE; therefore, this con-
centration was chosen to induce cytotoxicity in SH-SY5Y 
cells. As shown in Fig. 1b, that WS at ≤ 100 μg/ml or less 
could not induce any damage to SH-SH5Y cells treated for 
24 h. Hence, we selected the non-cytotoxic concentrations 
(50, 25, and 12.5 μg/ml) of WS to study the neuroprotective 
effects against HNE-induced cellular toxicity. To measure 
the cytoprotective potential of WS against HNE, the three 

different endpoints MTT assay, NRU assay and TB assay 
were employed. SH-SY5Y cells were pre-exposed to WS 
(12.5–50 μg/ml) for 24 h and then to 50 μM of HNE for 
24 h. Results showed that WS increased the viability of SH-
SH5Y cells that was reduced by HNE as observed by all 
three parameters. As shown in Fig. 2, HNE treatment signifi-
cantly reduced the viability of SHSY-5Y cells; however, pre-
exposure to WS significantly increased the HNE-reduced 
cell viability in a dose-dependent manner. All concentrations 
(12.5, 25 and 50 μg/ml) of WS were found to increase the 
viability of SH-SY5Y cells, with a maximum increase of 
46% (p < 0.01) at 50 μg/ml as assessed by the MTT assay 
(Fig. 2a). A lower WS concentration (12.5 μg/ml) showed no 
significant protection against HNE-induced toxicity, whereas 
a higher concentration, i.e. 50 μg/ml increased the cell via-
bility by up to 32% as assessed by NRU assay (Fig. 2b). The 
TB assay also showed a significant increase in the viability 
of SH-SH5Y cells by up to 39% (p < 0.01) at 50 μg/ml WS as 
compared to that of cells exposed to HNE only (Fig. 2c). We 
further examined the effect of HNE exposure on membrane 
integrity by analyzing the extracellular level of the intracel-
lular enzyme LDH. Leakage of LDH from the cell mem-
brane is a marker of cell death. Our results showed that HNE 
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Fig. 1   Concentration-dependent cytotoxicity of a 4-Hydroxynon-
enal (HNE) and b Withania somnifera (WS) in SH-SY5Y cells 
exposed for 24 h as measured by MTT assay. Data are presented as 
the mean ± SD of three separate experiments performed in triplicate. 
*p < 0.05 and **p < 0.01, compared with control
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significantly increased LDH leakage compared to control 
(Fig. 3a). However, pretreatment with WS at 12.5–50 μg/ml 
significantly decreased the level of LDH leakage induced by 
HNE in a dose-dependent manner (Fig. 3a). In addition, WS 
completely inversed the inhibition of intracellular LDH level 
induced by HNE (Fig. 3b).

WS Protects Against HNE‑Induced Oxidative Stress

The results of oxidative stress parameters are summarized 
in Fig. 4. The MDA level was significantly increased by up 
to 1.8-fold in 50 μM HNE-treated SH-SY5Y cells compared 
to untreated control (Fig. 4a). The exposure of SH-SY5Y 
cells to a higher concentration, i.e. 50 μg/ml of WS led to 
completely reverted the level of MDA induced by HNE-
treatment. The GSH level was reduced by 55% after expo-
sure to HNE at 50 μM concentration; however, it was signifi-
cantly restored by WS treatment in a dose-dependent manner 
(Fig. 4b). The level of catalase activity in the HNE-treated 
SH-SY5Y cells was increased by up to 80%, which was sig-
nificantly decreased by WS treatment in a dose-dependent 
manner. The reduced catalase values were 12, 36 and 68% 
(p < 0.01) at 12.5, 25 and 50 μg/ml concentrations of WS, 
respectively, compared with HNE treatment (Fig. 4c).

WS Prevents HNE‑Induced SH‑SY5Y Cell Proliferation 
and Apoptosis

As shown in Fig. 5a, exposure to 50 μM of HNE decreased 
the proliferation and reduced the progress of SH-SY5Y cells 
observed under phase-contrast inverted microscope. After 
24 h exposure several cells lost their adherence capacity to the 
surface and detached from the bottom of the plate. However, 
pre-exposure to WS at 12.5, 25, and 50 μg/ml significantly 
prevented this loss of SH-SY5Y cells induced by HNE. The 
caspase-3 enzyme activity in WS- and HNE-treated SH-SY5Y 
cells was also evaluated by using DEVD peptide nitroani-
lide pNA (Fig. 5b). Exposure to 50 μM HNE significantly 
increased the caspase-3 enzyme activity by up to 2.2-fold in 
SH-SY5Y cells compared to control. Nonetheless, preexpo-
sure of SH-SY5Y cells to WS strongly reduced the caspase-3 
activity in a dose-dependent manner. Especially, 50 μg/ml WS-
treatment was reduced the caspase-3 activity to almost similar 
to control (Fig. 5b).
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Fig. 2   Withania somnifera (WS) attenuated 4-Hydroxynonenal 
(HNE)-induced cell death in SH-SY5Y cell line. Cells were exposed 
to 12.5, 25 and 50 μg/ml of WS and then to 50 μM of HNE for 24 h. 
After incubation, cell viability was determined by MTT assay a neu-

tral red uptake assay b and trypan blue dye exclusion test c Data are 
presented as the mean ± SD of three separate experiments performed 
in triplicate. *p < 0.01 vs HNE
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WS Prevents HNE‑Induced ROS Generation 
in SH‑SY5Y Cells

To examine the intracellular ROS production induced by 
HNE and the preventive potential of WS, quantitative and 
qualitative analyses were conducted using the 2′ ,7′ -dichlo-
rodihydrofluorescein diacetate (DCF-DA) fluorescent probe. 
The qualitative measurement was achieved by grabbing the 
fluorescence images using a fluorescence microscope, and 
the quantitative analysis was performed by calculating the 
cellular fluorescence using a spectrofluorometer. The spec-
trofluorometric assay showed that HNE-treatment at 50 μM 
concentration increased the ROS production by up to 220% 
in SH-SY5Y cells (Fig. 6). However, pre-treatment with WS 
at 12.5, 25, and 50 μg/ml significantly suppressed the pro-
duction of intracellular ROS, with a decrease of up to 112% 
at maximum concentration of 50 μg/ml (Fig. 6b). Further-
more, the effects of HNE and WS were visually confirmed 
under the fluorescence microscope. SH-SY5Y cells showed 
an increase in the strength of green fluorescence after HNE 
treatment at 50 μM. However, the fluorescence intensity was 
significantly decreased by pre-exposure to WS at 12.5, 25, 

and 50 μg/ml, which prevented ROS production (Fig. 6a). 
These results designated that WS has the potential to scav-
enge ROS production induced by HNE.

WS Prevents the mRNA Expression of Apoptotic 
Marker Genes Induced by HNE in SH‑SY5Y Cells

Figure 7 shows the expression profile of apoptotic marker 
genes associated with HNE-induced alterations and the 
protective potential of WS in SH-SH5Y cells. The mRNA 
expression levels of apoptotic marker genes p53, caspase-3, 
and -9, and Bax were upregulated by up to 2.5-, 1.9- and 
2.3-, and 1.8-fold, respectively; however, Bcl-2 expres-
sion was downregulated by 0.45-fold in SH-SY5Y cells 
exposed to 50 μM of HNE. Nevertheless, pretreatment of 
SH-SY5Y cells with 50 μg/ml WS significantly attenuated 
the increased gene expressions of p53, caspase-3, and -9, 
and Bax to 1.2-, 1.1-, and 1.2- and onefold, respectively. 
The downregulated Bcl-2 gene expression was also upregu-
lated by up to 0.95-fold after exposure to WS at 50 μg/ml 
concentration (Fig. 7).

Discussion

The cytotoxicity and oxidative stress-mediated damages 
induced by HNE have been reported in various cell types 
[7–10]. It has also been clearly documented that HNE is 
associated with various neurodegenerative disorders [61, 
62]. The induced level of HNE is known to affect differ-
ent cellular events such as cell differentiation and prolif-
eration and apoptosis in neuronal cells through tempering 
the expression of apoptotic marker genes [6]. Our previous 
research also showed that cytotoxic concentrations of HNE 
significantly affected the sensitivity of neurotransmitter 
receptors [17] and induced oxidative stress-mediated apop-
totic cell death in PC-12 cells [15, 16]. Therefore, in this 
study we explored the agent that can protect against neuronal 
cell injury induced by HNE.

Owing to the increasing interest in naturally derived 
agents with potential neuroprotective properties to manage 
neurodegenerative diseases [63], we aimed to identify the 
neuroprotective effect of WS against HNE-induced neu-
rotoxicity in the SH-SY5Y cell line. WS (Ashwagandha), 
which has been used since ancient times in the traditional 
system of remedies, is known for its antioxidant, antican-
cer, anti-inflammatory, antistress, adaptogenic, antiarthritis 
and immunomodulatory activities [36–43]. We treated SH-
SY5Y cells with various doses of HNE (0.1–50 μM) and WS 
(6.25–200 μg/ml) for 24 h to ascertain the cytotoxic and bio-
logically safe doses of HNE and WS. We observed that HNE 
at 50 μM concentration resulted in ~ 50% cell death and WS 
at 12.5, 25, and 50 μg/ml concentrations did not produce any 
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damage to SH-SY5Y cells when treated for 24 h. Therefore, 
we selected the cytotoxic concentration (50 μM) of HNE 
to induce the cytotoxicity and noncytotoxic concentrations 
(12.5, 25 and 50 μg/ml) of WS to study the neuroprotective 
potential against HNE-induced damages.

The MTT, NRU, and TB assays confirmed that HNE at 
50 μM concentration induced SH-SY5Y cell death. This 
could be due to necrosis or apoptotic cell death. Previ-
ous studies have also reported HNE-induced cell death 
in PC12 [17] and SH-SY5Y [6] cell lines at this concen-
tration. Pretreatment with WS at 12.5, 25, and 50 μg/ml 
concentrations led to a dose-dependent increase in the 
viability of SH-SY5Y cells. Similarly, Bharathi et al. [64] 
reported the cytoprotective effects of Emblica officinalis 
against aluminum chloride-induced toxicity in SH-SY5Y 
cells. Pretreatment with WS extract has been reported to 
protect against structural changes in spine density induced 
by morphine in rats [65]. The neuroprotective potential of 
WS against different toxic insults has also been extensively 
reported [66], which support our study results. Previous 
studies suggest that HNE-induced death in SH-SY5Y 
cells could be due to mitochondrial impairment, and WS 
is capable of increasing the cell viability by repairing the 

mitochondrial activity [3]. These results were consistence 
with the decline in the extracellular LDH level and the 
increase in the intracellular LDH level upon pretreatment 
of SH-SY5Y cells with WS. However, the mechanism(s) 
through which mitochondrial impairment occurs has not 
been investigated in detail. There are various other poten-
tial routes that could lead to cell death and proliferation.

In this investigation, we examined whether these cyto-
toxic/cytoprotective responses are due to oxidative stress 
and variations in the pattern of certain genes responsi-
ble for cell death. To understand the protective potential 
of WS, we examined the various parameters of oxidative 
damage measurements, i.e. MDA, GSH, and catalase 
activities. Our results showed that HNE at 50 μM con-
centration significantly increased the MDA and catalase 
activity and decreased the level of GSH in SH-SY5Y cells. 
These results are inconsistent with previous reports on the 
oxidative stress-inducing capacity of HNE in a variety of 
cells as well as neuronal cells [6, 15, 67, 68]. However, 
pre-exposure to WS at 12.5, 25, and 50 μg/ml reverted 
the levels of MDA, GSH, and catalase in a dose-depend-
ent way. These effects could be due to the presence of 
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Fig. 4   HNE induced oxidative stress and the protective potential of 
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end of treatment, oxidative stress markers were determined. a MDA 
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antioxidants in WS. In fact, the antioxidant properties of 
WS have already been reported [69, 70].

Observation of cell morphology showed that SH-SY5Y 
cells treated at 50 μM HNE exhibited decreased proliferation 
and reduced growth, whereas treatment with WS at 12.5, 
25, and 50 μg/ml prevented the inhibition and improved the 
growth and development of SH-SY5Y cells. The enzymatic 
action of caspase-3 in the cells was evaluated to confirm the 
HNE-induced apoptosis level. Results showed that HNE at 

50 μM concentration increased the caspase-3 activity by up 
to 2.2-fold in SH-SY5Y cells. Our results are in consistent 
with other reports showing an increase in caspase-3 activity 
in PC12 cells when exposed to HNE [16] and other toxicants 
in SH-SY5Y cells [71]. In the present study, pretreatment 
with WS at 12.5, 25, and 50 μg/ml decreased the HNE-
induced caspase-3 activity, suggesting that WS acts upstream 
of caspase-3 to block apoptosis. Studies have well docu-
mented the HNE-induced cell death through the pathway 
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of mitochondrial-mediated apoptosis [72, 73]. Our study 
results revealed that 50 μM HNE upregulated the mRNA 
expression of proapoptotic maker genes (p53, caspase-3, and 

-9, and Bax) and downregulated the expression of antia-
poptotic gene Bcl-2. However, pretreatment with WS at 50 
μg/ml significantly (p < 0.01) downregulated the increased 
expression level of proapoptotic genes and upregulated that 
of the antiapoptotic gene. These reverse effects on level of 
apoptosis-related genes upon WS pretreatment suggested 
its antioxidative property, which could be arbitrated by the 
caspase-3 cascade pathway in SH-SY5Y cells.

Conclusion

This study demonstrated that HNE-treatment induced cyto-
toxicity, oxidative stress and apoptosis in the SH-SY5Y 
cell line. A dose-dependent cytotoxic effect of HNE was 
observed in SH-SY5Y cells at 10, 25, and 50 μM concen-
trations. Pretreatment with noncytotoxic concentrations 
(12.5, 25, and 50 μg/ml) of WS diminished the cytotoxicity 
induced by 50 μM HNE in a concentration-dependent way. 
Treatment with WS at 12.5–50 μg/ml concentrations was 
also found to diminish the ROS generation and caspase-3 

Fig. 6   Reactive oxygen species 
(ROS) generation in SH-SY5Y 
cell line exposed to different 
concentrations of WS and then 
HNE for 24 h. a Fluorescence 
of Intracellular ROS genera-
tion grabbed under fluores-
cence microscope. (i) Control, 
(ii) HNE (50 μM), (iii) WS 
(12.5 μg/ml) + HNE (50 μM), 
(iv) WS (25 μg/ml) + HNE (50 
μM); (v) WS (50 μg/ml) + HNE 
(50 μM). b Percent ROS 
generation in SH-SY5Y cells 
determined by spectrophotom-
etry. Data are represented as 
the mean ± SD of three separate 
experiments performed in trip-
licate. #p < 0.01 vs control and 
*p < 0.01 vs HNE. Each scale 
bar = 1 mm
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level. The protective effects of WS against HNE-induced 
oxidative damage and apoptotic cell death provide further 
evidence regarding the antioxidative and antiapoptotic 
properties of WS. These properties render this natural agent 
potentially effective against neurotoxicants such as HNE. 
The findings of this study could provide novel understanding 
for the development of beneficial agents in the management 
of neurodegenerative disorders.

Acknowledgements  The authors are grateful to the Deanship of Scien-
tific Research, King Saud University for funding through Vice Dean-
ship of Scientific Research Chairs. The authors thank the Deanship 
of Scientific Research and RSSU at King Saud University for their 
technical support.

Author Contributions  MAS and ABP conceived and designed the 
research. MAS, NNF and MMA conducted the experimental work. 
ABP and AAA provided reagents and tools in the laboratory. MAS, 
ABP and AAA analyzed the data. MAS and NNF wrote the manuscript. 
All authors have read and approved the manuscript.

Compliances with Ethical Standards 

Conflict of interest  The authors declare that they have no conflicts of 
interest.

Ethical Approval  This paper does not contain any studies with human 
or animals.

References

	 1.	 Ayala A, Muñoz MF, Argüelles S (2014) Lipid peroxidation: 
production, metabolism, and signaling mechanisms of malon-
dialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longev 
2014:360438

	 2.	 Vazdar M, Jurkiewicz P, Hof M, Jungwirth P, Cwiklik L (2012) 
Behavior of 4-hydroxynonenal in phospholipid membranes. J Phys 
Chem B 116(22):6411–6415

	 3.	 Mancuso M, Coppede F, Migliore L, Siciliano G, Murri L (2006) 
Mitochondrial dysfunction, oxidative stress and neurodegenera-
tion. J Alzheimer’s Dis 10(1):59–73

	 4.	 Shichiri M (2014) The role of lipid peroxidation in neurological 
disorders. J Clin Biochem Nutr 54(3):151–160

	 5.	 Long EK, Picklo MJ Sr (2010) Trans-4-hydroxy-2-hexenal, a 
product of n-3 fatty acid peroxidation: make some room HNE. 
Free Radic Biol Med 49(1):1–8

	 6.	 Abarikwu SO, Farombi EO, Pant AB (2011) Biflavanone-kolavi-
ron protects human dopaminergic SH-SY5Y cells against atrazine 
induced toxic insult. Toxicol In Vitro 25(4):848–858

	 7.	 Dalleau S, Baradat M, Gueraud F, Huc L (2013) Cell death and 
diseases related to oxidative stress: 4-hydroxynonenal (HNE) in 
the balance. Cell Death Differ 20(12):1615–3160

	 8.	 Wu PS, Yen JH, Kou MC, Wu MJ (2015) Luteolin and apigenin 
attenuate 4-hydroxy-2-nonenal-mediated cell death through mod-
ulation of UPR, Nrf2-ARE and MAPK pathways in PC12 cells. 
PLoS ONE 10(6):e0130599

	 9.	 Hytti M, Piippo N, Salminen A, Honkakoski P, Kaarniranta K, 
Kauppinen A (2015) Quercetin alleviates 4-hydroxynonenal-
induced cytotoxicity and inflammation in ARPE-19 cells. Exp 
Eye Res 132:208–215

	10.	 Li D, Gu Z, Zhang J, Ma S (2019) Protective effect of inducible 
aldo-keto reductases on 4-hydroxynonenal-induced hepatotoxic-
ity. Chem Biol Interact 304:124–130

	11.	 Esterbauer H, Schaur RJ, Zollner H (1991) Chemistry and bio-
chemistry of 4-hydroxynonenal, malonaldehyde and related 
aldehydes. Free Radic Biol Med 11:81–128

	12.	 Schneider C, Tallman KA, Porter NA, Brash AR (2001) Two 
distinct pathways of formation of 4-hydroxynonenal. Mecha-
nisms of nonenzymatic transformation of the 9- and 13-hydrop-
eroxides of linoleic acid to 4-hydroxyalkenals. J Biol Chem 
276:20831–20838

	13.	 Vaillancourt F, Fahmi H, Shi Q, Lavigne P, Ranger P, Fernandes 
JC, Benderdour M (2008) 4-Hydroxynonenal induces apoptosis 
in human osteoarthritic chondrocytes: the protective role of glu-
tathione-S-transferase. Arthritis Res Ther 10(5):R107

	14.	 Hortigón-Vinagre MP, Henao F (2014) Apoptotic cell death in 
cultured cardiomyocytes following exposure to low concentrations 
of 4-hydroxy-2-nonenal. Cardiovasc Toxicol 14(3):275–287

	15.	 Siddiqui MA, Kashyap MP, Khanna VK, Yadav S, Pant AB (2010) 
NGF induced differentiated PC12 cells as in vitro tool to study 
4-hydroxynonenal induced cellular damage. Toxicol In Vitro 
24(6):1681–1688

	16.	 Siddiqui MA, Kashyap MP, Kumar V, Al-Khedhairy AA, Musar-
rat J, Pant AB (2010) Protective potential of trans-resveratrol 
against 4-hydroxynonenal induced damage in PC12 cells. Toxicol 
In Vitro 24(6):1592–1598

	17.	 Siddiqui MA, Singh G, Kashyap MP, Khanna VK, Yadav S, Chan-
dra D, Pant AB (2008) Influence of cytotoxic doses of 4-hydrox-
ynonenal on selected neurotransmitter receptors in PC-12 cells. 
Toxicol In Vitro 22(7):1681–1688

	18.	 Zhang W, He Q, Chan LL, Zhou F, El Naghy M, Thompson EB, 
Ansari NH (2001) Involvement of caspases in 4-hydroxy-alkenal–
induced apoptosis in human leukemic cells. Free Radic Biol Med 
30(6):699–706

	19.	 Kutuk O, Poli G, Basaga H (2006) Resveratrol protects against 
4-hydroxynonenal-induced apoptosis by blocking JNK and c-JUN/
AP-1 signaling. Toxicol Sci 90(1):120–132

	20.	 Kruman I, Bruce-Keller AJ, Bredesen D, Waeg G, Mattson MP 
(1997) Evidence that 4-hydroxynonenal mediates oxidative stress-
induced neuronal apoptosis. J Neurosci 17(13):5089–5100

	21.	 Lovell MA, Ehmann WD, Mattson MP, Markesbery WR (1997) 
Elevated 4-hydroxynonenal in ventricular fluid in Alzheimer’s 
disease. Neurobiol Aging 18(5):457–461

	22.	 Markesbery WR, Lovell MA (1998) Four-hydroxynonenal, a prod-
uct of lipid peroxidation, is increased in the brain in Alzheimer’s 
disease. Neurobiol Aging 19(1):33–36

	23.	 Shoeb M, Ansari H, N, K Srivastava S, V Ramana K, (2014) 
4-Hydroxynonenal in the pathogenesis and progression of human 
diseases. Curr Med Chem 21(2):230–237

	24.	 Castellani RJ, Perry G, Siedlak SL, Nunomura A, Shimohama S, 
Zhang J, Montine T, Sayre LM, Smith MA (2002) Hydroxynone-
nal adducts indicate a role for lipid peroxidation in neocortical and 
brainstem Lewy bodies in humans. Neurosci Lett 319(1):25–28

	25.	 Vatassery GT (1998) Vitamin E and other endogenous anti-
oxidants in the central nervous system. Geriatrics 53(Suppl 
1):S25–S27

	26.	 Kumar GP, Khanum F (2012) Neuroprotective potential of phy-
tochemicals Pharmacogn Rev 6(12):81–90

	27.	 Liu D, Du D (2020) Mulberry fruit extract alleviates cognitive 
impairment by promoting the clearance of Amyloid-β and inhibit-
ing neuroinflammation in Alzheimer’s disease mice. Neurochem 
Res. https​://doi.org/10.1007/s1106​4-020-03062​-7

	28.	 Venuprasad MP, Kumar KH, Khanum F (2013) Neuroprotective 
effects of hydroalcoholic extract of Ocimum sanctum against 
H2O2 induced neuronal cell damage in SH-SY5Y cells via its anti-
oxidative defence mechanism. Neurochem Res 38(10):2190–2200

https://doi.org/10.1007/s11064-020-03062-7


181Neurochemical Research (2021) 46:171–182	

1 3

	29.	 Wu WR, Zhu XZ (1999) Involvement of monoamine oxidase inhi-
bition in neuroprotective and neurorestorative effects of Ginkgo 
biloba extract against MPTP-induced nigrostriatal dopaminergic 
toxicity in C57 mice. Life Sci 65(2):157–164

	30.	 Chen H, Jing FC, Li CL, Tu PF, Zheng QS, Wang ZH (2007) Echi-
nacoside prevents the striatal extracellular levels of monoamine 
neurotransmitters from diminution in 6-hydroxydopamine lesion 
rats. J Ethnopharmacol 114(3):285–289

	31.	 de Oliveria DM, Barreto G, De Andrade DV, Saraceno E, Aon-
Bertolino L, Capani F, El Bachá RD, Giraldez LD (2009) Cyto-
protective effect of Valeriana officinalis extract on an in vitro 
experimental model of Parkinson disease. Neurochem Res 
34(2):215–220

	32.	 Alvira D, Yeste-Velasco M, Folch J, Verdaguer E, Canudas AM, 
Pallas M, Camins A (2007) Comparative analysis of the effects 
of resveratrol in two apoptotic models: inhibition of complex I 
and potassium deprivation in cerebellar neurons. Neuroscience 
147(3):746–756

	33.	 Ojha RP, Rastogi M, Devi BP, Agrawal A, Dubey GP (2012) 
Neuroprotective effect of curcuminoids against inflammation-
mediated dopaminergic neurodegeneration in the MPTP model 
of Parkinson’s disease. J Neuroimmune Pharmacol 7(3):609–618

	34.	 Tripanichkul W, Jaroensuppaperch EO (2012) Curcumin protects 
nigrostriatal dopaminergic neurons and reduces glial activation in 
6-hydroxydopamine hemiparkinsonian mice model. Int J Neurosci 
122(5):263–270

	35.	 Kpamk L, Dharmadasa RM, Samarasinghe K, Muthukumarana 
PR (2015) Comparative pharmacognostic study of different parts 
of Withania somnifera and its substitute ruellia tuberosa. World J 
Agric Res 3:28–33

	36.	 Prakash J, Yadav SK, Chouhan S, Singh SP (2013) Neuropro-
tective role of Withania somnifera root extract in Maneb-Para-
quat induced mouse model of parkinsonism. Neurochem Res 
38(5):972–980

	37.	 Rai M, Jogee PS, Agarkar G, Santos CA (2016) Anticancer activi-
ties of Withania somnifera: Current research, formulations, and 
future perspectives. Pharma Biol 54(2):189–197

	38.	 Sivamani S, Joseph B, Kar B (2014) Anti-inflammatory activity of 
Withania somnifera leaf extract in stainless steel implant induced 
inflammation in adult zebrafish. J Gene Eng Biotechnol 12(1):1–6

	39.	 Tiwari S, Sahni YP (2012) Anti-stress activity of Withania som-
nifera (Ashwagandha) on solar radiation induced heat stress in 
goats. Indian J Small Rum 18(1):64–68

	40.	 Bhattacharya SK, Muruganandam AV (2003) Adaptogenic activ-
ity of Withania somnifera: an experimental study using a rat model 
of chronic stress. Pharmacol Biochem Behav 75(3):547–555

	41.	 Khan MA, Ahmed RS, Chandra N, Arora VK, Ali A (2019) 
In vivo, Extract from Withania somnifera root ameliorates arthri-
tis via regulation of key immune mediators of inflammation in 
experimental model of Arthritis. Antiinflamm Antiallergy Agents 
Med Chem 18(1):55–70

	42.	 Davis L, Kuttan G (2000) Immunomodulatory activity of Witha-
nia somnifera. J Ethnopharmacol 71(1–2):193–200

	43.	 Dar NJ, Hamid A, Ahmad A (2015) Pharmacologic overview 
of Withania somnifera, the Indian Ginseng. Cell Mol Life Sci 
72:4445–4460

	44.	 Kaur G, Kaur T, Gupta M, Manchanda S (2017) Neuromodulatory 
role of Withania somnifera. Inscience of Ashwagandha: preventive 
and therapeutic potentials. Springer, Cham 2017:417–436

	45.	 Mehta AK, Binkley P, Gandhi SS, Ticku MK (1991) Pharma-
cological effects of Withania somnifera root extract on GABAA 
receptor complex. Indian J Med Res 94:312–315

	46.	 Nagashayana N, Sankarankutty P, Nampoothiri MR, Mohan PK, 
Mohanakumar KP (2000) Association of L-DOPA with recovery 
following Ayurveda medication in Parkinson’s disease. J Neurol 
Sci 176(2):124–127

	47.	 Andrade C, Aswath A, Chaturvedi SK, Srinivasa M, Raguram R 
(2000) A doubleblind placebo-controlled evaluation of anxiolytic 
efficacy of an ethanolic extract of Withania somnifera. Indian J 
Psychiatry 42:295–301

	48.	 Kulkarni SK, Dhir A (2008) Withania somnifera: an Indian 
ginseng. Prog Neuropsychopharmacol Biol Psychiatry 
32(5):1093–1105

	49.	 Prabu PC, Panchapakesan S, Raj CD (2013) Acute and sub-acute 
oral toxicity assessment of the hydroalcoholic extract of Withania 
somnifera roots in Wistar rats. Phytotherapy Res 27(8):1169–1178

	50.	 Patel SB, Rao NJ, Hingorani LL (2016) Safety assessment of 
Withania somnifera extract standardized for Withaferin A: acute 
and sub-acute toxicity study. J Ayurveda Integr Med 7(1):30–37

	51.	 Chandrasekhar K, Kapoor J, Anishetty S (2012) A prospective, 
randomized double-blind, placebo-controlled study of safety and 
efficacy of a high-concentration full-spectrum extract of ashwa-
gandha root in reducing stress and anxiety in adults. Indian J Psy-
chol Med 34(3):255–262

	52.	 Attoff K, Kertika D, Lundqvist J, Oredsson S, Forsby A (2016) 
Acrylamide affects proliferation and differentiation of the neural 
progenitor cell line C17.2 and the neuroblastoma cell line SH-
SY5Y. Toxicol In Vitro 35:100–111

	53.	 Lopes FM, Schröder R, da Frota Júnior ML, Zanotto-Filho A, 
Müller CB, Pires AS, Meurer RT, Colpo GD, Gelain DP, Kap-
czinski F, Moreira JC (2010) Comparison between proliferative 
and neuron-like SH-SY5Y cells as an in vitro model for Parkinson 
disease studies. Brain Res 1337:85–94

	54.	 Martínez MA, Rodríguez JL, Lopez-Torres B, Martínez M, Mar-
tínez-Larrañaga MR, Maximiliano JE, Anadón A, Ares I (2020) 
Use of human neuroblastoma SH-SY5Y cells to evaluate glypho-
sate-induced effects on oxidative stress, neuronal development and 
cell death signaling pathways. Environ Intern 135:105414

	55.	 Pant AB, Agarwal AK, Sharma VP, Seth PK (2001) In vitro cyto-
toxicity evaluation of plastic biomedical devices. Hum Exp Toxi-
col 20:412–417

	56.	 Buege JA, Aust SD (1978) Microsomal lipid peroxidation. Meth-
ods Enzymol 52:302–310

	57.	 Sedlak J, Lindsay RH (1968) Estimation of total, protein-bound 
and non-protein sulfhydryl groups in tissue with Ellman’s reagent. 
Anal Biochem 25:192–205

	58.	 Sinha AK (1972) Colorimetric assay of catalase. Anal Biochem 
47:389–394

	59.	 Wang H, Joseph JA (1999) Quantifying cellular oxidative stress 
by dichlorofluorescein assay using microplate reader. Free Radic 
Biol Med 27(5–6):612–616

	60.	 Al-Oqail MM, Al-Sheddi ES, Al-Massarani SM, Siddiqui MA, 
Ahmad J, Musarrat J, Al-Khedhairy AA, Farshori NN (2017) 
Nigella sativa seed oil suppresses cell proliferation and induces 
ROS dependent mitochondrial apoptosis through p53 pathway in 
hepatocellular carcinoma cells. S Afr J Bot 112:70–78

	61.	 Fukuda M, Kanou F, Shimada N, Sawabe M, Saito Y, Murayama 
S, Hashimoto M, Maruyama N, Ishigami A (2009) Elevated levels 
of 4-hydroxynonenal-histidine Michael adduct in the hippocampi 
of patients with Alzheimer’s disease. Biomed Res 30(4):227–233

	62.	 Akude E, Zherebitskaya E, Chowdhury SK, Girling K, Ferny-
hough P (2010) 4-Hydroxy-2-nonenal induces mitochondrial 
dysfunction and aberrant axonal outgrowth in adult sensory neu-
rons that mimics features of diabetic neuropathy. Neurotox Res 
17(1):28–38

	63.	 Carrera I, Cacabelos R (2019) Current drugs and potential future 
neuroprotective compounds for parkinson’s disease. Curr Neurop-
harmacol 17(3):295–306

	64.	 Bharathi MD, Justin-Thenmozhi A, Manivasagam T, Rather 
MA, Babu CS, Essa MM, Guillemin GJ (2019) Amelioration 
of aluminum maltolate-induced inflammation and endoplas-
mic reticulum stress-mediated apoptosis by tannoid principles 



182	 Neurochemical Research (2021) 46:171–182

1 3

of emblica officinalis in neuronal cellular model. Neurotox Res 
35(2):318–330

	65.	 Kasture S, Vinci S, Ibba F, Puddu A, Marongiu M, Murali B, 
Pisanu A, Lecca D, Zernig G, Acquas E (2009) Withania som-
nifera prevents morphine withdrawal-induced decrease in spine 
density in nucleus accumbens shell of rats: a confocal laser scan-
ning microscopy study. Neurotox Res 16(4):343–355

	66.	 Kumar S, Seal CJ, Howes MJ, Kite GC, Okello EJ (2010) In vitro 
protective effects of Withania somnifera (L) dunal root extract 
against hydrogen peroxide and β-amyloid induced cytotoxicity in 
differentiated PC12 cells. Phytother Res 24(10):1567–1574

	67.	 Raza H, Robin MA, Fang JK, Avadhani NG (2002) Multiple iso-
forms of mitochondrial glutathione S-transferases and their dif-
ferential induction under oxidative stress. Biochem J 366(1):45–55

	68.	 Breitzig M, Bhimineni C, Lockey R, Kolliputi N (2016) 
4-Hydroxy-2-nonenal: a critical target in oxidative stress? Am J 
Physiol Cell Physiol 311(4):C537-543

	69.	 Birla H, Keswani C, Rai SN, Singh SS, Zahra W, Dilnashin H, 
Rathore AS, Singh SP (2019) Neuroprotective effects of Withania 
somnifera in BPA induced-cognitive dysfunction and oxidative 
stress in mice. Behav Brain Funct 15(1):9

	70.	 Jayaprakasam B, Padmanabhan K, Nair MG (2010) Withanamides 
in Withania somnifera fruit protect PC-12 cells from β-amyloid 
responsible for Alzheimer’s disease. Phytother Res 24(6):859–863

	71.	 Kim H-J, Song YJ, Park JH, Park H-K, Yun DH, Chung J-H 
(2009) Naringin protects against rotenone induced apoptosis in 
human neuroblastoma SH-SY5Y cells. Korean J Physiol Phar-
macol 13:281–285

	72.	 Raza H, John A (2006) 4-Hydroxynonenal induces mitochondrial 
oxidative stress, apoptosis and expression of glutathione S-trans-
ferase A4–4 and cytochrome P450 2E1 in PC12 cells. Toxicol 
Appl Pharmacol 216:309–318

	73.	 France V, Hassan F, Qin S, Patrick L, Pierre R, Julio CF, 
Mohamed B (2008) 4- Hydroxynonenal induces apoptosis in 
human osteoarthritic chondrocytes: the protective role of glu-
tathione-S-transferase. Arthritis Res Ther 10:R107

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Neuroprotective Effects of Withania somnifera on 4-Hydroxynonenal Induced Cell Death in Human Neuroblastoma SH-SY5Y Cells Through ROS Inhibition and Apoptotic Mitochondrial Pathway
	Abstract
	Introduction
	Material and Methods
	Chemicals
	Extraction of Plant
	Cell Culture
	Cell Exposure to HNE and WS
	MTT Assay
	Neutral Red Uptake (NRU) Assay
	Trypan Blue (TB) Exclusion Assay
	Lactate Dehydrogenase (LDH) Assay
	Malondialdehyde (MDA) Level
	Glutathione (GSH) Content
	Catalase
	Protein Estimation
	Morphological Observation
	Caspase-3 Activity
	ROS Generation
	Real-time PCR Analysis of Apoptotic Marker Genes
	Statistical Analysis

	Results
	WS Protects Against HNE-Induced Cytotoxicity
	WS Protects Against HNE-Induced Oxidative Stress
	WS Prevents HNE-Induced SH-SY5Y Cell Proliferation and Apoptosis
	WS Prevents HNE-Induced ROS Generation in SH-SY5Y Cells
	WS Prevents the mRNA Expression of Apoptotic Marker Genes Induced by HNE in SH-SY5Y Cells

	Discussion
	Conclusion
	Acknowledgements 
	References




